Invasive alien species are widespread in freshwater systems compared to terrestrial ecosystems. Among crustaceans, crayfish in particular have been widely introduced and are considered a major threat to freshwater ecosystem functioning. New emerging techniques for detecting and controlling invasive crayfish and protecting endangered native species are; thus, now highly desirable and several are under evaluation. Important innovations have been developed in recent years for detection of both invasive and native crayfish, mainly through eDNA, which allows for the detection of the target species even at low abundance levels and when not directly observable. Forecasting models have also moved towards the creation of realistic invasion scenarios, allowing effective management plans to be developed in advance of invasions. The importance of monitoring the spread and impacts of crayfish and pathogens in developing national data and research networks is emphasised; here "citizen science" can also play a role. Emerging techniques are still being considered in the field of invasive crayfish control. Although for decades the main traditional techniques to manage invasive crayfish were solely based on trapping, since 2010 biological, biocidal, autocidal controls and sexual attractants, monosex populations, RNA interference, the sterile male release technique and oral delivery have all also been investigated for crayfish control. In this review, ongoing methodologies applied to the detection and management of invasive crayfish are discussed, highlighting their benefits and limitations.
Introduction
Alien species have been proven to affect ecosystems by leading to the reduction or disappearance of native species as well as causing habitat modification [1] [2] [3] . Mediterranean region fresh waters, for example, risk losing 56% of their endemic freshwater fish, 36% of freshwater crabs and crayfish, 29% of amphibians and 19% of dragonflies over the next decades [4] . Reductions in wetland biodiversity are particularly severe in the Eastern Mediterranean [5] , and alien species represent a major threat for developing countries [6] . Alien species can also have impacts on economic activities [7] and can
Models
Models are powerful tools to foresee and detect possible invasions at an early stage and are useful to control the spread of invasive crayfish. In the context of the early stages of the invasion process, species distribution models (SDMs) can identify areas that provide suitable environmental conditions for the establishment of invasive crayfish. This approach has been used at scales ranging from local assessments (e.g., river basins) to national [34] [35] [36] [37] , transnational [38] [39] [40] [41] or even worldwide [24, 42] . Additionally, model projections can be produced under future scenarios of climate change, analysing possible shifts in areas suitable for the invaders or for the species that these can affect [38, 40] . Recently, community-level models (CLMs) , that consider multiple co-occurring species have been applied as alternatives to SDMs for analysing and predicting biodiversity patterns [43] . Additionally, risk analysis by SDMs, which link biology and economics, has been used not only in the context of static models (i.e., in which time is not an explicit variable) but also in the context of invasive species dispersal models.
During the spread stages of a crayfish invasion, spatially-explicit population models (SEPMs) may be useful (i.e., models that consider time and space variables) [44] . These are models in which the distribution and densities of the species are updated as a function of time and space, and predictions can be obtained just as a video showing a shifting distribution map. Several modelling platforms can achieve this purpose, most of them considering population densities per spatial unit over large spatial scales. One example of such use of models of spread in the context of biological invasions, although not specifically with crayfish invaders, is on dispersal surveillance [45] . In spite of this, the usefulness of building SEPMs has been demonstrated for native crayfish [46] . A quite different, spatially explicit approach is the use of individual-based models (IBMs), in which the individuals (and not the populations) are modelled during its lifetime and can, for example, change their location (e.g., by moving, spreading or migrating), can reproduce creating new individuals, or can interact with other individuals of the same species or different species. The difficulty with this approach is that it is much more computationally heavy, and it is usually not applied to large geographical areas.
In the context of understanding species impacts after establishment, the modelling approach is currently applied, for example, to study food web linkages [47] . Other models calculate possible species interactions among crayfish and other species [48, 49] , although some are only conceptual (i.e., meaning that the interactions among model components are only identified and presented graphically) [50] . It is also important to highlight the numerous applied functions of models (e.g., for the management of invasions), which have been used in several contexts. Some examples are the management of emerging riverine invaders [51] and guiding proactive management of threatened freshwater crayfish [52] . Moreover, the local or regional management of invasive crayfish populations can be aided by population dynamics models and management models. Some models have been proposed to manage invasive crayfish in the wild [53] or in rice field contexts, allowing the calculation of acceptable damage levels and timing for crayfish captures [54] [55] [56] [57] . In conclusion, models are excellent tools to forecast, analyse and prepare strategies to deal with crayfish invasions.
eDNA
Environmental DNA (eDNA) is a powerful tool for conservation and invasion biology in various environments [58, 59] , mainly aquatic ones [60] [61] [62] . eDNA is defined as "genetic material obtained directly from environmental samples (soil, sediment, water, etc.) without any obvious signs of biological source material", and it is an efficient and non-invasive sampling approach [63] . eDNA analysis allows early detection even when target species are not directly observed. A few studies have estimated the transport distance of eDNA from the source to about 10 km, depending on population size [64, 65] , and the permanence of genetic material within the environment at about 10 days, indicating that DNA traces are near contemporary with presence of the species [66, 67] . Compared to traditional survey methods (e.g., trapping and visual surveys), eDNA seems to have higher start-up costs for developing and testing the whole assay (eDNA extraction, PCR condition, primers tests, amplicon sequencing), but a few studies suggest that eDNA can reduce total survey costs [68, 69] .
This methodology is increasingly being used both in conservation of endangered crayfish species [70] [71] [72] and to detect invasive crayfish [27, 73, 74] . For example, eDNA may be applied after a suspected release, when specimens are not numerous enough to be otherwise detected, but they are believed to be present in the environment. Alternatively, it may serve to confirm if an eradication plan has been effective in removing the target NICS. In the recent past, eDNA has been applied in a variety of studies for detecting invasive crayfish species, such as P. clarkii [28, 74, 75] , Faxonius rusticus and P. leniusculus [71, 73, 76] . Crucial in eDNA studies are the sampling methods, in order to avoid contamination and to produce robust and repeatable eDNA results [77] . Technical issues must also be considered to avoid false positives, and are related to possible chimeras (PCR artefacts) produced during the extension step of PCR, and species-specificity of the primers chosen to detect target species. To overcome these possible issues, Sanger sequencing of PCR products has been performed to assign a species identity to the amplicon [63] ; however, sequencing is manageable when PCR products range between 300-1000 nucleotides. Shorter products (60-80 nucleotides) are being selected for analysis, even partially degraded, and to overcome the impossibility to sequence such short products, a specific labelled probe is used during PCR [75] . These drawbacks can be overcome with good knowledge of assays properties, in silico alignment of species inhabiting the same environment, and well-planned trials, both in laboratory and on-field samples before large-scale application.
Accurate abundance estimation through eDNA is still challenging and depends on multiple factors such as the number of DNA copies released into the water from an individual, the transport rate of the stream and the stability of eDNA over time [65, 78] . Moreover, behaviour and season affect crayfish detection and abundance inference using eDNA, as, for example, it has been shown that ovigerous females release higher DNA levels than males do [67] . Therefore, before the application of quantitative eDNA methods, researchers need to quantify the errors generated in order to estimate abundance, depending on many factors, linked both to the target species and to the specific environment studied (i.e., lotic, lentic and ocean waters).
As well as early detection of native or invasive crayfish, eDNA has been used to detect the presence of potential pathogens carried by invasive crayfish. Thus, a crayfish plague has been detected in different water samples by eDNA [79, 80] . A recent use of eDNA has been eDNA metabarcoding [78, 81] , used for multiple detection of animals and plants at the community level, and routine applications of this system certainly open up new fields in molecular ecology.
Citizen Science, Involving Stakeholders and the Public
Citizen science is a new approach involving the engagement of the general public in scientific research activities to answer real-world questions, either through their intellectual effort or with their resources and tools [82] . Through voluntary involvement, participants gain new knowledge and skills. Not only do participants provide researchers with experimental data and facilities, but they may also suggest new questions to be answered [83, 84] . Information and education are the first step in citizen science, since many species may be present for a long time, even centuries, and thus be thought to be native.
Citizen observation networks aim to involve people in collective monitoring of a territory, thus helping to lower negative impacts on communities and aquatic ecosystems. This approach allows the involvement of local users so that they become key guardians of the territory; it informs users and local populations about issues relating to good environmental status for the years to come, and it provides data sets to support management tools used by decision-makers (municipalities, institutions and managers). Researchers and scientists cannot be constantly present in the field, but through the support of observers, possibly well-trained through dedicated courses, followed by expert validation of the collected sightings, they could cover large areas in almost real time. Often, thanks to dedicated pages on social networks and the development of apps, anyone with a smartphone can help in the battle against invasive crayfish species. Examples are represented by the many pages already on social media focused on or including decapod invasive species, for example, the Facebook pages of the Invasive Species Specialist Group (ISSG), the Washington Invasive Species Council and the NO alle specie alloctone in Italia (NO to the allochthonous species in Italy). Dedicated apps have been developed for invasive crayfish (e.g., http://gamberialieni.divulgando.eu/, https://www.facebook. com/MudpuppyNight/, https://scistarter.com/project/495-Craywatch) or for specific geographical areas (e.g., http://www.misin.msu.edu/tools/apps/). Through these portals, people can upload pictures of the invasive species along with the geographical coordinates of where they were observed. Once uploaded, the portal administrator, who is an expert in the field, may validate the picture and make the data publicly available. The result is a map with numbers of observations, along with their pictures. These apps can be constantly updated, and after a certain number of sightings have been validated, the information collected acquires a scientific value and can be used in data analyses.
A recent EU-LIFE funded project, LIFE ASAP (http://lifeasap.eu) is entirely dedicated to increasing the awareness and active participation of citizens on the problem of Invasive Alien Species (IAS). Importantly, citizens can; thus, become aware that the release of exotic species into ecosystems is a dangerous action with sometimes severe consequences. It often happens that people, instead of sacrificing crayfish from an aquarium, think that their release is the most compassionate action. Citizen science can help explain the consequences of such actions, even reaching the youngest generations, and contribute to increasing public awareness.
Besides the scientific literature, there are a number of regularly updated databases which provide the most recent information about IAS, such as ISSG: Invasive Species Specialist Group (http://www. issg.org/database/), CIESM: Atlas of Exotic Crustaceans in the Mediterranean (http://www.ciesm. org/atlas/index.html) and ELNAIS: Ellenic Network on Aquatic Invasive Species (https://elnais. hcmr.gr/). It is worth mentioning that the first records of 14 marine IAS in Greek waters (6% of the total) are attributed to citizen scientists [85] .
Traditional Techniques for Controlling Invasive Crayfish Species
For decades, the main techniques to manage invasive crayfish have been based on trapping activities [86] [87] [88] . However, no physical control methods have proven effective in open systems, such as rivers and streams, when the invasive crayfish species is abundant, ubiquitous and endowed with a high reproductive rate and broad physiological tolerances [17, 89] . However, in some confined environments, such as lakes or ponds, the abundance of F. rusticus has been lowered by baited trapping and fish predation [47, 86] . These types of intervention often require many years and huge budget investment, which are not always available to management agencies. New controlling methods to slow the proliferation of invasive crayfishes are still needed to guide the allocation of limited resources more effectively and efficiently once a species is already established [51] . Table 1 summarises all the methods for both detecting and controlling invasive crayfish discussed in this manuscript following the authors' opinions on the number of published papers on each considered method. Table 1 . Summary of the methods used to detect and control invasive crayfish species, with a class-level evaluation according to the following criteria: Innovation (method representing new solutions against invasive decapod species), field application (method already applied in the field), applicability (environmental suitability for the application of the method), species-specificity (capacity of the method to specifically target the invasive decapod species), impact (potential ecosystem damages), cost (economic resources requested for the application of the method), efficacy (capacity to manage the target invasive species). + low, ++ medium, +++ high, -not applicable, ? unknown. Updated after Gherardi [90] . 
Physical Controls
The first, and still most often applied, method to control the spread of NICS is their physical control by mass trapping. However, trapping of undesirable species is generally only efficient if combined with other measures to suppress or eliminate populations, such as the use of pheromones extensively applied to insects [91] . An increase in fishing pressure targeting NICS could also be a mitigation measure to control them, along with effective management of ballast waters and the aquarium trade, and utilization of the species as an additive to animal feeds. The human-mediated movement of crayfish around the world follows a multiplicity of pathways that result in either accidental (in ballast or via canals) or deliberate introductions of NICS for aquaculture, stocking, live food commerce, aquarium and pond trade, live bait, biological supply, etc. [92] . However, several studies highlight how intensive harvesting does not eradicate or control crayfish, but; nevertheless, may help in reducing adult populations and minimize some impacts. For several invasive crayfish, trapping acts more as a size-selector, while the smaller remaining individuals take advantage of the lack of competition to grow rapidly [93] . Along with mass trapping, electric screens or fences have been used to control F. rusticus, although with little success; however, with hand removal there was significant reduction of some populations [94] . In the UK, electric shock has been applied to populations of P. leniusculus by means of high intensity (96 KW, DC current, 1600 V), repeated 2-min shocks delivered to a headwater stream for 98 min, resulting in 86% crayfish mortality. When further 15-min shocks were delivered for a total of 308 min, mortality rose to 97%. However, this treatment is considered as non-selective control rather than eradication [95] .
Barriers and Drainage Interventions
Structural barriers have also been planned and tested to limit the spread of invasive crayfish, while still allowing upstream migration of fish [96] or translocation to ark sites of native imperilled crayfishes [72] . Effectiveness of dam construction to contain the upstream dispersal of invasive P. clarkii has been evaluated over two years, demonstrating their effectiveness in hindering the range extension of P. clarkii [97] .
Drainage of ponds is also extensively used, especially in water bodies with dense populations, as well as diversion of rivers and construction of barriers. The efficiency of these methods is not yet confirmed, especially for ponds inhabited by P. clarkii, as this species is resistant to drought due to its burrowing ability [90, 98] .
Biological Control
Natural predators have been considered for the control of invasive crayfish, for example, P. clarkii introduced into Spain became the main prey item of pike (Esox lucius), another introduced species [99] . In addition, eels (Anguilla anguilla) have been used to attempt the control of the red swamp crayfish [100] , and increased fish predation, along with physical control, has been successfully applied against F. rusticus [101] . Natural pathogens have also been considered as candidate biological control agents against NICS [102] , such as the P. leniusculus bacilliform virus (PI BV) [103] . It is important to consider possible resistance to the agent by the target invasive crayfish population, and information on the life cycle of the pathogen and its possible effects on the native community is essential.
Up to now, none of these methods seem to have acted efficiently, and some attempts to infect different invasive crayfish have failed, suggesting that the infection may in fact be host-specific [104] . Moreover, introductions of predators may not be environmentally sustainable and they represent new pressures on the already invaded ecosystems. No recent study on NICS management is considering predation to mitigate and control invasive crayfish spread.
Biocidal Control
The target organism may be impacted by the use of chemicals to alter the surrounding environment, for instance, by an increase or decrease in pH or oxygen concentrations [105] . Pesticides and substances such as rotenone, a naturally occurring ketone, have been used to control crayfish such as F. virilis [106] . However, rotenone is toxic to fish and amphibians at levels lower than those needed to kill crustaceans [107, 108] . Its use is likely to affect numerous other aquatic taxa [109, 110] , so rotenone remains contentious, as its impacts on non-target biota are still largely unknown [111] [112] [113] [114] .
Tests of natural pyrethrum to eradicate P. leniusculus in Scottish ponds were successful after water was first deoxygenated [115] . Elsewhere, a synthetic pyrethroid, named Baythroid, at 25 µg/L was evaluated against F. rusticus and shown to be effective both in a pond and in laboratory tests [116] . Natural pyrethrum, directly affecting the physiology of crayfish, has been tested to control P. clarkii in an Italian rural district, but further experiments are needed, as claimed by authors [117] . High, sub-lethal concentrations of metolachlor (80 ppb) may interfere with the olfactory-mediated behaviour of F. rusticus to receive or respond to social signals and thus affect certain agonistic behaviours, implications that might be useful in its management [118] .
The main limits on the use of chemicals are the effects they can have on both native flora and faunal species. The evolution of resistance, bioaccumulation and biomagnification are also aspects to consider before the use of biocidal control. Substances of this nature may be used in highly compromised situations and in circumscribed areas, such as ponds. In addition, biocide treatment to eradicate unwanted populations must be applied to the whole water-body, so partial dewatering may reduce the cost of biocides. In one experiment, most crayfish vacated exposed burrows at night, but 0.5% remained in burrows, surviving up to six nights after exposure, and the potential for terrestrial roaming to other sites must also be considered [119] .
Emerging Techniques for Controlling Invasive Crayfish and Protecting Endangered Native Species
Autocidal approaches are based on the target species' biology and; therefore, should not cause environmental contamination nor impact on non-target species [120] . Their use; thus, appears to be a promising control strategy. Integrated pest management (IPM), using a range of control and containment techniques to suit specific sites, is strongly suggested for obtaining best results in the future [90] .
Sexual Attractants
Chemical signalling is a key component in social interactions of species in aquatic environments, where visibility may be limited by the turbidity or by vegetation in the water. Chemical substances such as pheromones are released by individuals into the environment and they trigger specific, adaptive and innate biological responses in conspecifics. Pheromones are widely used to control insect pests [121] , and some attempts have been made with P. leniusculus [122, 123] and P. clarkii [124] . Studies by Stebbing and colleagues [125, 126] have shown that the sex pheromones of P. leniusculus are in fact repellent to native A. pallipes, suggesting that traps baited with sex pheromones would not attract the native species.
In crustaceans, the structures of chemical compounds have yet to be identified, but it seems clear that the pheromone signal is released in the urine of females to which reproductive males respond [122] . Multiple strategies of NICS control could benefit from the use of pheromones to disrupt reproductive success, to divert migrations and to increase reproduction with sterile individuals.
Monosex Populations
A technique studied for both aquaculture and invasive crayfish species is the "masculinization of individuals". The insulin-like androgenic gland hormone (IAG) plays a decisive role in sexual differentiation, with the possibility of manipulating crayfish populations in order to produce sexually altered populations, such as monosex populations, which will not reproduce further [127, 128] . The potential of intervention through sex-change induction on established populations of NICS illuminates new management possibilities.
Silencing of Key Hormones through RNA Interference (RNAi)
This is another method investigated as a potential technique to interfere with NICS by allowing selective disturbance of the target alien species while reducing adverse effects on native species, even those closely related to the alien species. RNAi refers to the process of exogenous double-stranded RNA (dsRNA) silencing the complementary endogenous messenger RNA, and it might be applied for the control and synchronization of the moult cycle, eradication of invasive species and immune defence [129] . It has been shown that the "knock down" of two crustacean hyperglycaemic hormones could affect the survival of P. clarkii in autocidal-based methods [130] . Furthermore, this method is potentially easily applicable year-round through baits and is inexpensive compared to the costs of trapping, the approach used so far to restrict the spread of invasive P. clarkii [131] .
Sterile Male Release Technique (SMRT)
This method is based on the release, into the environment, of sterile males that are sexually active and able to compete with untreated males for mating partners. The SMRT technique has been deemed reliable because it exclusively acts on target species without interacting with existing biomes, while also being safe for human health [132] . It has been successfully applied to P. clarkii where males were subjected to a radiation of 40 Gy (four times the lethal dose for a human), demonstrably reducing fertility by over 50% without compromising their vitality [133] . Crayfish that underwent X-ray exposure showed a significant decrease of about 80% of circulating haemocytes, thus this method affects important functions such as those of the immune system, in addition to altering the gonad tissue [134] . SMRT, in combination with intensive trapping, has proved to be particularly effective in a small lake (Casette lake, Pordenone, Friuli Venezia Giulia, Italy) with about 87% reduction of P. clarkii population after two years of activity [135] .
Recent unpublished studies on P. clarkii males that underwent X-ray radiation demonstrated a recovery of immunocompetence and an unaltered behavioural pattern, underlining the suitability of this technique to tackle, for example, the red swamp crayfish invasion [136] . Another related control method being tested is the mechanical removal of gonopods from captive males and their release into the population [137] .
Oral Delivery
New, user-friendly, cheaper and high-tech autocidal methods are needed for controlling crayfish populations. Among new eradicative methods, a water/oil/water microemulsion is being tested as an autocidal method to convey neuropeptides, which play a role in the control of glycaemia and homeostasis in P. clarkii populations by hampering their physiological state [131] . Oral delivery systems to control invasive crayfish have never been applied in the field up to now, so they represent a new and not entirely investigated management frontier [131] .
Conclusions
Hundreds of freshwater species have been moved outside of their native ranges by vectors such as ballast water, canals, deliberate introductions, and releases from aquaria or garden ponds. Owing to the social, economic and ecological significance of crayfish species in several regions around the world, their introduction into allochthonous areas has been favoured. Furthermore, the ease of global transferability of live specimens, to be sold as food delicacies or ornamental pets, is rapidly increasing their translocations. Fortunately, invasive sciences are emerging, not only within the scientific community but also among citizens, and awareness of the danger of allochthonous species release is now more widespread.
This paper offers a summary of the different methods used to detect and control non-indigenous crayfish species, both traditional and emerging ones. Among emerging techniques for detecting invasive species, undoubtedly eDNA and forecasting models are currently the most promising methods, and the increasing interest in "citizen science" is leading to effective support in general monitoring of alien species. The results obtained from models combined with a panel of other techniques, such as environmental DNA, drones or citizen science, allow more efficient management by focusing surveillance, prevention, eradication and control efforts on the highest-risk species and locations [33] . Models can also be very efficient for preliminary assessment of scenarios and for theoretical testing of management techniques. Moreover, a better understanding of management options as well as joint efforts in educating both the public and decision-makers is crucial for timely action against invasive crayfish and against alien species in general, before they can become invasive.
The efficacy of control and/or eradication actions is correlated with the invasion situation and the characteristics of the invaded water body (lentic or lotic waters, but also open or closed systems). For this reason, new management approaches are needed.
The potential use of SMRT for the management of invasive crayfish has recently been tested [133, 138] . This technique, although initially expensive, causes no environmental contamination or non-target impacts. The biotechnological methods recently undertaken seem to be more powerful tools for fighting against alien crayfish, as the invasive species have shown unexpected plasticity in their ecology. One of the best studied examples is the ability of red swamp crayfish P. clarkii to live in very different habitats and so it is considered a super-ecological strategist [17] .
A clear management response is the need to control the international pet trade, which has led to many invasions of alien crayfish [139] . As a result, many aquatic animals, such as the North American crayfish, have become widespread in Europe and are costly to control. If an integrated management method can be found for invasive crayfish, it is important to keep in mind that associated pathogens, that are among the main impacts of invasive crayfish on native communities, could persist and spread. This is the reason why the prevention of introductions is the main task facing workers.
The prevention and management of the introduction and spread of invasive alien crayfish, and other freshwater alien species, is recognised as vital for the success of control actions and their economic efficiency [140] . Even more importantly, efficient controls of invasive crayfish will facilitate restoration of native biodiversity and thus improve ecosystem diversity, and at the same time act positively towards human health and well-being.
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